volume 19 number 12 DeCember 2012 nature structural & molecular biology are known to mediate interaction with PRC2, the molecular activities of the PCL-family Tudor domain have remained undefined to date. Tudor domains, which consist of five antiparallel β-sheets that form a barrel-like fold, have since been identified in a wide variety of proteins and been shown to mediate protein interactions through recognition of methylated lysine or arginine residues 12 . In these new studies, the Tudor domains of PHF1, PHF19 and MTF2 are shown to specifically bind to H3K36me3, which requires conserved residues within an aromatic cage.
At first glance, this would seem counterintuitive, as H3K36me3 has been shown to inhibit the ability of PRC2 to methylate H3K27 (refs. 13,14) . This conundrum is answered by PHF19-dependent recruitment of the histone demethylase NO66, which is capable of removing the inhibitory methyl groups from H3K36 (ref.
3) (Fig. 1a) . A second H3K36me2 or H3K36me3 demethylase, KDM2b, also colocalizes with PHF19 and PRC2 at target genes in embryonic stem cells 1 , which suggests potential redundancy of these demethylases in assisting PcG-mediated repression. KDM2b is a component of an alternative form of PRC1, BCOR 15 . Therefore, it is not clear if KDM2b is directly recruited to PcG targets by PHF19-PRC2 or whether it is present as a component of another PcG complex.
PRC2 previously has been shown to directly interact with and recruit the H3K4me3 demethylase KDM5a 16 . A second H3K4me3 demethylase, KDM5b, also has been shown to colocalize with PcG proteins at a subset of PcG target genes in embryonic stem cells, but it does not directly interact with PRC2 (ref. 17) . Nucleosomes near the promoters of many PcG target genes in embryonic stem cells are marked by both H3K4me3 and H3K27me3. Such 'bivalent domains' may permit rapid activation of these genes as cells are induced to differentiate. The presence of KDM5a and/or KDM5b at these sites suggests that they may modulate H3K4me3 rather than completely eliminate it.
When taken together with the current observations, an appealing model develops in which the combined activities of KDM5a (and possibly Monoubiquitylation of histone H2A and/or chromatin compaction by PRC1 then inhibits transcription of target genes 5 . Once PcG proteins have assumed control of a gene's expression, they may maintain its silence through an indefinite number of cell cycles. However, much less is known about the mechanisms involved in the initial establishment of PcGmediated repression.
Variants of D. melanogaster and mammalian PRC2 have been purified that include PCL or one of three mammalian PCL homologs, PHF1, PHF19 or MTF2, in addition to core subunits. PCL-family proteins contain two PHD fingers, which interact with D. melanogaster E(Z) or mammalian EZH2, and an N-terminal Tudor domain. However, a consensus for the mechanism(s) by which PCL-family proteins contribute to PRC2 activity has remained elusive. In vitro studies have suggested that addition of PCL or PHF1 to PRC2 enhances the complex's catalytic activity [6] [7] [8] . Other studies have suggested that PCL-family proteins are needed for recruitment of PRC2 to at least a subset of targets, including genes in embryonic stem cells that promote differentiation to more specialized cell types 9, 10 . It is possible that PCL-family proteins may complement the activity of JARID2 in recruitment of PRC2 to target genes.
The pluripotency and proliferative capacity of embryonic stem cells require the expression of embryonic stem cell-specific transcription factors. Differentiation of embryonic stem cells into more specialized cell types requires concomitant activation of differentiation-specific genes and repression of embryonic stem cellspecific genes. PcG proteins are needed for this transition to fully repress embryonic stem cellspecific genes 11 . This represents an example of de novo repression of previously active genes and therefore must involve targeted recruitment of PRC2 and removal of the histone modifications associated with active genes, such as H3K4me3 and H3K36me3.
The new studies 1-3 provide a model for how PCL-family proteins may play a central part in lineage transitions by recruiting PRC2 to previously active genes. Although the PHD fingers Polycomb group (PcG) proteins are epigenetic regulators that maintain the transcriptional repression of numerous genes, many of which regulate developmental processes and/or cellcycle progression. Whereas the activities of many PcG proteins have largely been defined, the molecular contributions of Drosophila melanogaster Polycomblike (PCL) and its mammalian homologs, PHF1, PHF19 and MTF2, to PcG-mediated gene repression have remained elusive. Three studies in this issue [1] [2] [3] reveal specific binding of the Tudor domains of PHF1, PHF19 and MTF2 to histone H3 trimethylated at lysine 36 (H3K36me3), a chromatin mark associated with transcriptionally active genes. These studies suggest a model by which PCLfamily proteins may facilitate recruitment of PcG proteins to previously active genes, leading to de novo gene silencing.
Modification of chromatin structure, including the addition or removal of molecular tags on histones, has a central role in eukaryotic transcriptional regulation. In particular, nucleosomes near the transcription start site of active genes contain histone H3 trimethylated at lysine 4 (H3K4me3), whereas H3K36me3 predominates in the transcribed bodies of genes. Conversely, H3K9me3 and H3K27me3 are associated with transcriptionally repressed genes.
Two primary PcG complexes, PRC1 and PRC2, are largely conserved in D. melanogaster and mammals. The core subunits of mammalian PRC2 are EZH2, SUZ12 and EED. The ARID domain-containing protein JARID2 is also a component of PRC2 in embryonic stem cells and is needed for recruitment of the complex to target genes 4 . Following recruitment of PRC2 to target genes through interaction with DNA-binding factors or noncoding RNAs, its catalytic subunit, EZH2, trimethylates H3K27. This serves as a molecular tag that facilitates recruitment of PRC1, although alternative modes of PRC1 recruitment are likely.
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residues in the aromatic cage of its Tudor domain and does not bind H3K36me3 (refs. 1,2), a finding consistent with previous observations that the PCL Tudor domain does not bind to any methylated histones 21 . This is somewhat curious, given the overall conservation of the PcG proteins' activities. However, a larger portion of PCL, that contains both the Tudor domain and first PHD finger, is shown to bind H3K36me3 and possibly also H3K4me3 and H3K9me3 (ref. 1) . Thus, the role of PCL in recruiting PRC2 to target sites may be conserved but accomplished by a slightly different molecular mechanism.
Although H3K36me3 binding by PCL-family proteins is necessary for PRC2 recruitment and removal of the antagonistic modification by H3K36me3 demethylases, additional mechanisms must be responsible for specific targeting of the complex to only a small subset of previously active genes. Among the candidates are unidentified transcription factors, noncoding RNAs or localized chromatin modifications. Another unanswered question is whether PHF1 and MTF2, as well as D. melanogaster PCL, also recruit H3K36me3 demethylases. Should any of the mammalian PCL-family proteins lack this ability, this would raise the intriguing potential for modulation of PRC2 activity by substituting PCL-family components of the complex.
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However, the findings of a second study show that the PHF19 Tudor domain specifically binds only to H3K36me3 (ref. 1) .
Contrary to this model, it is suggested that H3K36me3 binding by PHF1 inhibits the catalytic activity of PRC2 (ref. 2). This raises an intriguing possibility that PRC2 activity may be modulated by inclusion of different PCL-family proteins.
Although it is not yet tested, it may be that PHF1 does not recruit an H3K36me3 demethylase. However, it should be noted that previous studies have shown that PHF1 enhances PRC2 activity 6, 7 . Further studies will be needed to resolve this apparent contradiction.
In addition to transcriptional repression, PcG proteins also have a role in response to DNA damage 19 . H3K36me3 quickly appears at sites of double-strand breaks (DSBs). Recruitment of PHF1 to DSBs previously has been shown to be mediated by its Tudor domain 20 . Musselman et al. 2 confirm these findings and demonstrate that it is the PHF1 Tudor domain's ability to bind to H3K36me3 that is responsible for this recruitment.
Unlike its mammalian counterparts, D. melanogaster PCL lacks two of the conserved KDM5b), plus NO66 and/or KDM2b may remove both marks of transcriptionally active genes, H3K4me3 and H3K36me3, facilitating PcG-mediated silencing of previously active genes (Fig. 1b) . The contribution of PHF19 in long-term maintenance of target-gene silencing is less clear. Like JARID2, PHF19 is also needed to maintain PRC2 at differentiationspecific genes in embryonic stem cells long after their initial silencing, at which point H3K36me3 is no longer detectable. It is possible that maintenance of repression requires the continued presence of NO66 or KDM2b to inhibit the deposition of H3K36me3. Studies of D. melanogaster tissues revealed a surprisingly rapid turnover of PcG proteins at target genes 18 , which may necessitate constant vigilance against antagonistic chromatin modifiers. Alternatively, PCL-family proteins may maintain PRC2 at repressed genes by a mechanism independent of H3K36me3 binding and recruitment of H3K36me3 demethylases. One study 3 finds that PHF19 may also be able to bind to H3K27me3, although with a lower affinity than it binds to H3K36me3, which could contribute to such maintenance. 
